The stereoselective hetero Diels-Alder reaction between ethyl glyoxylate and cyclohexadiene catalyzed by [Cu(II)t-Bu-(box)](OTf ) 2 was investigated. The reaction was performed step-by-step and the geometry of the Cu(II) complexes formed in the course of the catalysis was analysed by EPR spectroscopy, advanced pulsed EPR methods (ENDOR, and HYSCORE) and DFT calculations. Our results show that one triflate counterion is directly coordinated to Cu(II) during the catalytic process (axial position). This leads to penta-coordinated Cu(II) complexes. Solvent molecules are able to alter the geometry of the Cu(II) complexes although their coordination is weak. These findings provide an explanation for the solvent and counterion effects observed in many catalytic reactions.
Introduction
Stereoselective catalysis provides an efficient access for the construction of complex molecules containing chiral centers. [1] [2] [3] [4] A prominent strategy to introduce C-C bonds into even complex molecular skeletons is the Diels-Alder reaction. It is well known that the presence of Lewis acids activates dienophiles and leads to a substantial enhancement of the conversion. 5, 6 In particular, Cu(II) complexes carrying chiral ligands have been shown to be very efficient catalysts. 1, 7, 8 Here, C 2 -symmetric bis(oxazoline) (box) derivatives have been particularly successful. 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and a number of related molecules binding to Cu(II) via two nitrogen atoms have been developed. [19] [20] [21] [22] [23] [24] However, not only the nature of the ligand but also the solvent and counterions play a decisive role in the efficiency and stereoselectivity of the catalytic reactions. [25] [26] [27] [28] [29] [30] This is particularly reflected in the recent developments of ligand design and the involvement of alternative counterions. 31, 32 Nevertheless, mechanistic details in terms of the arrangement of ligands are scarce. In the models utilized for theoretical investigations, 30, [33] [34] [35] [36] [37] [38] [39] [40] stereoselectivity is particularly ascribed to steric effects in tetracoordinated Cu(II) environments; counterion and solvent effects are mostly neglected. A recent study of Cu(II)box complexes shows that environmental effects are crucial. 41 EPR studies provide rather precise insights into the geometry of transition-metal complexes. 42, 43 For Cu(II) bis(sulfoximine) complexes, we have shown that penta coordination occurs in the course of (hetero) Diels-Alder reactions, with counterions and solvent molecules participating in the first coordination sphere. 44, 45 A compatible geometry was found by X-ray analysis in the complex [Cu(II)t-Bu(box)(OH 2 ) 2 ](OTf ) 2 . 10 The question is whether such an arrangement of ligands ( penta-coordination) represents a general concept within the course of Cu(II) catalyzed Diels-Alder reactions. We therefore investigated a hetero Diels-Alder reaction under "real conditions". This means that we utilised frequently used substrates and performed the reactions under synthetic conditions. Ethyl glyoxylate (1) serves as the dienophile which adds to cyclohexadiene (2) with [Cu(II)t-Bu(box)](OTf ) 2 as the catalyst in CH 2 Cl 2 (the most commonly used solvent, Scheme 1). The reaction is followed stepwise by EPR spectroscopy. The shape of the solid-state continuous-wave EPR spectra indicates whether a paramagnetic system has a high or low symmetry (e.g. axial symmetry). Interactions between the Cu(II) and its nearest neighbors can be derived from anisotropic hyperfine coupling constants (HFCs). In experimental EPR spectra the corresponding splittings are often not resolved. To obtain precise, orientation-dependent HFC values, we utilized pulsed ENDOR (electron nuclear double resonance) 46 theoretical DFT calculations, which also provide EPR parameters, these experimental parameters can be translated into the geometry of the chemical environment around the paramagnetic Cu(II) center.
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Experimental
Sample preparation: the Cu(OTf) 2 and (S)-(−)-2,2′-isopropylidenebis(4-tert-butyl-2-oxazoline) ligand were dissolved in dry CH 2 Cl 2 in a molar ratio of 1 : 1.2 and stirred for 3 hours under argon to form the catalyst, [Cu(II)t-Bu(box)](OTf ) 2 in solution.
Part of this solution was transferred to the quartz X-band EPR sample tube, degassed by three freeze-pump-thaw cycles and sealed. This forms the catalyst sample (sample S1). Then ethyl glyoxylate in seven fold molar excess was added to the catalyst solution and part of this solution was transferred to another EPR sample tube under argon, degassed and sealed. This forms the sample S2. To the solution forming sample S2, 1,3-cyclohexadiene was added in a four fold molar excess to that of ethyl glyoxylate, and this solution was transferred into the EPR sample tube under argon, degassed and sealed. This forms the sample S3. EPR measurements: the CW and pulsed EPR measurements were performed using X-band (ν mv = 9.7 GHz) BRUKER ELEXYS E580 and ESP 380 spectrometers. The CW EPR spectra were recorded at 7 K using an Oxford He flow cryostat. The B 0 modulation amplitude used was 0.4 mT, and the modulation frequency was adjusted to ν mod = 100 kHz. The microwave power used was low enough to prevent the saturation of spin systems. The simulations of the CW EPR spectra were done using the Easyspin simulation package. 53 Two pulse field-swept electron spin echo (FS ESE) experiments were carried out at 4 K using microwave pulses with pulse lengths of 16 ns for π/2 and 32 ns for π pulses and a pulse delay of τ = 160 ns. Orientation-selective two dimensional ESEEM experiments were performed at 4 K using the HYSCORE 54 sequence (π/2-τ-π/2-t 1 -π-t 2 -π/2-τ-echo). Pulse lengths of 16 ns for π/2 and 32 ns for π pulses were employed and three different pulse delays of τ = 32, 104 and 160 ns were chosen in the 2D experiments to minimize blind spots in the HYSCORE powder patterns. Since the dead time of the spectrometer exceeds 32 ns in our experimental setup, in the case of τ = 32 ns the HYSCORE echo was detected via a remote echo sequence (π/2-τ R -π/2-τ R -π-τ R -echo). 55 The pulse delays of remote echo sequence were t R = 4 μs and τ R = 140 ns. A four-step phase cycle suggested by Gemperle et al. 56 was used to avoid interference with the unwanted two-and three-pulse echoes. A 170 × 170 2D data matrix was sampled with a dwell time of 16 ns. Baseline correction was done by subtracting a third-order polynomial of the experimental data set in both time domains. Finally, the HYSCORE spectra recorded with different τ values were added and the 2D FT magnitude spectra were calculated and presented as contour plots. The simulations of the HYSCORE spectra were calculated in the time domain by exact diagonalization of the spin Hamiltonian. Subsequently, the computed time domain spectra were likewise zero filled and transformed into the frequency domain by Fast Fourier Transformation. For further information concerning the procedure for the calculation of orientation selective HYSCORE spectra, we refer to the paper by Pöppl et al. 57 Selective microwave pulses of t π/2 = 96 and t π = 192 ns, and a radiofrequency pulse length of t rf = 8 μs were used in orientation selective Davies pulsed ENDOR experiments. 46 In an effort to suppress both the proton and the fluorine signals and enhance those from the two imine nitrogen atoms (from the t-Bu-box ligand) with substantially larger hyperfine couplings (HFC) involved in the coordination with the Cu(II), additional hyperfine contrast selective ENDOR experiments were done with t π/2 = 16 and t π = 32 ns. The geometries of [Cu(II)t-Bu(box)](OTf ) 2 and [Cu(II)t-Bu-(box)(ethyl glyoxylate)](OTf ) complexes used for the hyperfine structure and g-tensor computations were optimized in unrestricted Kohn-Sham calculations at the B3LYP 58-60 level using the Turbomole package. 61 The basis sets were of polarized triple-ζ quality for all atoms (TZVP). 62 The same holds for the calculations of the energetic effects of S3 formation. All hyperfine calculations were carried out with the ORCA 63 program package at the optimized geometries and using hybrid B3LYP functional. The choice of this functional was based on previous computations which show that it is very successful in the prediction of hyperfine coupling (HFC) and g-tensor in nitrogen and Cu(II) complexes. 48, [64] [65] [66] Ligand atoms were treated by Huzinaga-Kutzelnigg type basis sets BII (denoted also as IGLO-II). 67, 68 For the Cu center an accurate triply polarized basis set CP(PPP) was employed. 69 This basis set is especially flexible in the core region and is believed to provide results close to the basis set limit for the Fermi contact interaction. Because the spin-orbit effects are known to influence the HFC results for 3d transition metal complexes, in the case of the copper atom the contributions of spin-orbit coupling (SOC) to the HFC were taken into account. It was proven that the implementation of SOC contributions into the HFC computations results in a significant improvement of calculated parameters when compared to experiment. 48, 66 The calculation of g-tensor values was carried out with the same geometry and basis sets. A common gauge at the copper atom was employed.
Results and discussion
EPR ENDOR/HYSCORE and calculations
General -cw EPR Spectra: Frozen-solution EPR spectra obtained at each single reaction stage (S1, S2, and S3, Scheme 1) exhibit differences (Fig. 1) . Whereas for stage S1 one EPR signal is recorded, the spectra taken after addition of 1 (S2) and subsequently 2 (S3) indicate an overlay of two components (one resembling the preceding stage). The shapes of these spectra were reproducible in several runs and are very likely based on equilibria connecting the different stages of the reaction (for simulations and g-factors, see ESI †). In the following sections we will describe and discuss the experimental and calculated EPR parameters of S1-S3. Reaction stage S1: the complex of t-Bu-box with Cu(II) triflate has been described frequently since it is the basis of several catalyses. Based on the shape of the EPR signal (Fig. 1) , the complex between Cu(OTf ) 2 and the t-Bu-box (box) ligand S1 reveals a pseudo axial symmetry. Corresponding HYSCORE spectra taken at the perpendicular and the parallel region ( Fig. 2a and b , respectively) reveal the hyperfine coupling constants shown in Table 1 . From the above obtained constants, substantial distances between the Cu center and some of the Fand H nuclei (indicated in Fig. 3 ) could be inferred (Table 2) .
To do so, a clear-cut assignment of EPR coupling constants was accomplished. In this context it was of benefit, that, according to the calculations, only few distinct atoms revealed characteristic coupling constants. This was particularly the case for protons at the 4-positions of the box ligand (H 1 in Fig. 3 ) and the F atoms in the triflate counterions. This finding essentially holds for all ligand spheres we have taken Comparison of HYSCORE spectra of stage S1 and S3 at selected orientations in the EPR spectra (a, perpendicular region of S1; b, parallel region of S1; c, perpendicular region of S3; d, parallel region of S3). into account here, and substantially simplified the analysis of the experimental data. Thus, distances could be determined via a point-dipole approximation from the dipolar hyperfine coupling constants (HFC) obtained from HYSCORE spectroscopy (see ESI †). These results, in principle, confirm the formerly established structure of the t-Bu-box ligand. In order to support these spectroscopic data, however, we have computed the geometry of S1 using the B3LYP/TZVP protocol. In line with the X-ray structure determinations and the EPR data, Cu(II) is surrounded by the two imino nitrogen atoms of the box ligand and two oxygens of the OTf − counterions at (quasi) equatorial positions. The geometry is displayed in Fig. 3 and selected distances are summarized in Table 2 .
To investigate whether the calculated geometries correspond to those from the X-ray analysis we calculated the welldescribed complex [Cubox]Cl 2 as a reference. As shown in the ESI, † the calculated and the experimental geometry are virtually matching. Accordingly, the computed geometries can be regarded as very suitable predictions for the experimental data. Moreover, in Table 3 , the calculated values are compared with experimentally determined data of related Cu(II)-box derivatives. 10, 37 The experimental and the DFT-calculated distances and angles for this reference agree rather well (Table 3) and are in line with X-ray structure data of related complexes. 37, 70 Reaction stages S2 and S3: the EPR spectra taken for these two stages reveal almost matching 63, 65 .) which also translates into a Cu⋯F distance of 477 pm (calc., 483 pm). A comparison with published investigations on the popular Cu(II) bis(oxazoline)-based catalytic systems is in place here. In most cases, the mechanism of Diels-Alder reactions performed in the way shown in Scheme 1 is implied to proceed via tetra coordinate 17-electron stages with the box ligand and a substrate molecule (the dienophile) coordinated to Cu(II). This concept was followed in computational approaches. 33, 34, 37 Rarely were solvent molecules explicitly taken into account. 37 Stereoselectivity has been predominately ascribed to the steric congestion of the substituents at the 4.4′ position in the 1,3-bisoxazoline rings; moreover it has been emphasized that the constitutional flexibility and the dynamics of the ligands play an important role in stereoselectivity. 37 Pentacoordination was reported in the course of catalyses performed in zeolites containing the Cu(II) box complexes 43 
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This ( Fig. 4) . For all calculations, the ligands were placed at clearly non-bonding distances (<500 pm away from Cu(II)) as the starting point and geometry optimizations were performed without any constraints. The first ligand sphere (LP1, Fig. 4 ) comprises the t-Bu-box ligand, and ethyl glyoxylate (1) and one triflate anion representing an 18-electron complex providing two N, and three oxygen atoms for coordination to Cu(II). However, geometry optimization with this combination leads to a basically tetra-coordinate ligand sphere with an essentially tetrahedral arrangement consisting of the two t-Bu-box N atoms (N I , N II , Fig. 5 ), and two O atoms provided by the OTf − and the aldehyde oxygen of ethyl glyoxylate (O D2 , O T , Fig. 5 ). The second carbonyl oxygen belonging to the dienophile resides at a significantly longer distance from the Cu(II) center (314 pm) and can hardly be regarded as a coordinating ligand (O D1 ). Moreover, this structure is not consistent with the experimental results, which indicate that ethyl glyoxylate is coordinated equatorially through its carbonyl oxygens in a bidentate fashion while the triflate ligand is attached to the Cu center in the axial position through the sulfonic oxygen atom (revealed by the experimentally established Cu(II)⋯F distance). In LP2 (Fig. 4) Fig. 3 ), for LP1, LP2, and LP3) together with the ϑ angles with respect to g zz axis. Essential computed geometrical parameters of the complexes LP1, LP2, and LP3 in Cu(II) center proximity are listed in Table 6 . Table 6 .
Energetic effects found with the final stage S3 of the reaction was also calculated for all three structures. The calculations confirm a high feasibility of the LP3 geometry (ΔE = −12.4 kcal mol −1 )) and render LP2 very unfavorable (ΔE = 0.9 kcal mol −1 ). The structure LP1 is favorable from the energetic point of view (ΔE = −9.3 kcal mol −1 ), however, as shown above, the calculated EPR parameters are not in such a good agreement with the experiments like LP3. Deeper insight into the structures and coordination spheres could be provided by the calculations of full reaction pathways including the computations of the transition states. In the case of calculations of transition state structures containing counterions and solvent molecules, however, it was not possible to eliminate imaginary frequencies corresponding to their relative motions. These modes obviously caused the deviation in the TS energy of the complexes. Due to this inaccuracy this part of the study is still in progress and will be published in the next paper. Luckily the calculations of the EPR parameters were free of such incorrectness.
Conclusions
In several investigations based on product analysis, a distorted square-type ligand sphere formed by the two N atoms of a boxtype ligand and two O atoms of the substrate (1) has generally been suggested. 1 Our results, however, show that penta-coordination at Cu(II) is potentially decisive in the course of stereoselective (hetero) Diels-Alder reactions. One triflate counterion acts as an additional axially oriented ligand providing an 18-electron complex. Our calculations show that even (weakly coordinating) solvent molecules have a subtle impact on the geometry of the catalytically-active complex. Numerous publications on stereoselective catalyses reveal that the efficiency of these reactions substantially depends on the parent Cu(II) salt and the solvent used. Our results lead to the following suggestions: (i) an efficient ligand providing an additional site for axial coordination should diminish the counterion dependence.
(ii) One additional weakly binding group should decrease the influence of the solvent. These structural features are displayed in Fig. 6 . These results could serve as a basis for the development of efficient catalytic systems and may open an additional starting point for the modeling of enzymatic activity. 36 Our results elucidate the observations from the synthesis: it was shown that box ligands with (4,4′-sulfonamidomethyl) substituents allowing additional coordination sites (i.e. pentacoordination) 7 show higher conversion and stereoselectivity even in the strongly coordinating solvent MeNO 2 . 74 Efficient penta-coordinate arrangements were shown for Cu(II)-containing tripodal bis(oxazoline) ("trisox") derivatives 75 and enzymes, 51, 72, 73 and recent NMR investigations show that solvents and counterions substantially influence the geometry of the transition-metal complexes in solution. 76 Establishing the transition state responsible for the formation of the Diels-Alder adduct in the presence of solvent and counterion molecules will be the next step of our investigations. The most likely starting point will be the geometry found for state S3, however, the complexity of such an environment around the Cu center makes these calculations highly challenging and demanding. We are now further elaborating this concept by experiment and, particularly, by theory. Table 6 Essential bond lengths and dihedrals in Cu proximity for LP1, LP2 and LP3 (Fig. 5) 
